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要 旨
　 GPS局 の座標時系列には,し ば しば顕著な周期変化が見られる.こ の原因としては,大 気荷重お
よび非潮汐海洋荷重,陸 水荷重,積 雪荷重など,様 々な荷重の影響が考えられる.そ こで,こ れら
の荷重による局位置の変動を見積もり,GEONET(GPS Earth Observation Network)の 座 標時
系列から荷重に伴 う周期 シグナルがどの程度取 り除けるかを検討 した.GEONETの 座 標時系列
(F2解)は,解 析ソフトウェアのバグによる誤差や,つ くばのIGS点 に見 られるような地下水変化
に伴う変動が含まれている.こ のため,ま ず,こ れらの影響を補正 した後,い くつかの荷重の組合
せでGPS局 位置の補正を試みた.そ の結果,複 数の荷重を組み合わせた場合,局 位置変動の年周振
幅は,水 平成分,垂 直成分共に2割 程小さくなることが判明した.ま た,変 動の要因としては非潮
汐海洋荷重の寄与が比較的大きい事が分かった.さ らに,1997年 の豊後水道におけるスロース リッ
プイベント時の時系列について荷重補正を行 ったところ,ス ロース リップイベントの解析に荷重補
正が十分有効である事が示された.
Abstract
  Conspicuous periodic variations often appear in GPS site coordinate time series. These 
variations could be influenced by various loads, such as atmospheric, non-tidal ocean, conti
nental water, and snow loads. To eliminate the load influences from the GPS site coordinate 
time series, we estimated the influences at the GEONET (GPS Earth Observation Network) 
sites by using meteorological and other loading data sets. Because the GEONET coordinates 
(F2 solution) suffer scale errors due to a software bug and groundwater variations at the In
ternational GNSS Service (IGS) station in Tsukuba, we first corrected these errors. Then, the 
corrections of loading influences were evaluated for several combinations of the loads. The 
results show that a combination of atmospheric, non-tidal ocean, continental water, and snow 
loads can eliminate about 20% of the annual signal in the coordinate time series for both the
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horizontal and vertical components. They also show that the influence of the non-tidal ocean 
load is the largest of all the loads. We applied the loading correction to the data of the 1997 
Bungo channel slow slip event and showed that the correction can benefit the analysis of such 
a non-periodic event.
1. Introduction
  Temporal changes of surface loadings due to the mass redistribution of the fluid envelope 
of the Earth, i.e., the atmosphere, hydrosphere, and cryosphere, cause the Earth to deform and 
consequently change the coordinates of observation sites. The coordinate changes can be 
measured by space geodetic techniques such as Very Long Baseline Interferometry (VLBI) 
(e.g., van Dam and Herring, 1994) and the Global Positioning System (GPS) (e.g., van Dam 
et al., 1994). For studies of crustal movements, such displacements due to the surface loadings 
should be eliminated. Therefore, several studies have been carried out to estimate the loading 
influences, van Dam et al. (1998, 2001) estimated crustal displacements due to the loading of 
the atmosphere and continental water. Mangiarotti (2001) estimated the influences of snow, 
non-tidal ocean, atmospheric, and soil moisture loads. He obtained the annual variation of ver
tical displacements and compared the estimated and observed displacements at 16 Doppler 
Orbitography by Radiopositioning Integrated on Satellite (DORIS) stations. Dong et al. (2002) 
extracted seasonal variations from 4.5 years of GPS coordinates and revealed that up to 40% of 
the annual signal of the vertical variations could be explained by combinations of the loading 
influences. They also evaluated the amplitudes of the annual signals and estimated that 4-10 
mm is due to the atmospheric loading, 2-5 mm is due to the non-tidal ocean loading, and 3-15 
mm is due to the continental water loading including snow and soil moisture.
  Heki (2001, 2003 and 2004) evaluated the loading influences of various sources on the sea
sonal variations of GPS Earth Observation Network (GEONET) coordinates. Heki (2004) esti
mated the influences of snow, atmospheric, non-tidal ocean, soil moisture, and water reservoir 
loads in particular and concluded that the periodic variations of GPS site coordinate time series 
are well explained by the loading except the scale variations (systematic errors of unknown 
origin) suggested by Hatanaka (2003a, 2003b). Heki (2004) removed the scale variations only 
empirically by fitting periodic functions because the origin of the scale variation was not clear 
then. Later on, it was revealed that the scale variations have two origins. Munekane et al. 
(2004) found periodic variations in the time series of TSKB International GNSS Service (IGS) 
station at Tsukuba, installed by the Geographical Survey Institute (GSI), and the variations 
were found to be due to groundwater variations in the Tsukuba area. Because the GEONET 
coordinates use the IGS coordinates at TSKB as the reference station, their time series suffer 
from seasonal scale changes due to the periodic height variations of the Tsukuba region . The 
other reason for the scale variations is improper corrections of the solid Earth tides due to a 
bug in Bernese GPS software version 4.2.
  Without a doubt, GPS site coordinate time series include loading influences, and they 
should be calculated using appropriate data sets of mass redistribution. In spite of these
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efforts, the results obtained so far still do not completely explain the influence of the changing 
loads. Some studies (e.g., van Dam et al., 1994) only estimated the amplitude of the load dis
placements, and others (e.g., Heki, 2004) only estimated the atmospheric loading using local 
meteorological data. Therefore, we tried to calculate the loading influences in a more compre
hensive way and attempted to eliminate the periodic variations observed in the GEONET site 
coordinate time series. In this study, we first prepared the time series of displacements caused 
by loads using their global data sets, and in this paper, we discuss the characteristics of the load 
influences by comparing them with routinely provided atmospheric pressure loading data sets 
(Petrov and Boy, 2004; Gegout, 2004). Next, we discuss the correction of the GEONET site co-
ordinate time series to evaluate the results. Finally, we show an example of the correction ap-
plied to time series including the slow slip event in the Bungo channel region in 1997 to see the 
importance of the correction in the analysis of tectonic events.
2. Calculation of the loading influences
2.1. Methodology
  The deformation of the Earth's surface due to loading can be estimated by a convolution 
integral with Farrell's Green function (Farrell,1972). The radial elastic deformation L is given 
by a global integral:
L(θ',λ')=p∫ ∫H(θ,λ)GL(φ)T(α)dS,(1)
where p is the mean density of the loading material, H is the data of the mass variations, GL is 
the mass-loading Green's function of displacements (Farrell, 1972), T is a combination of the 
trigonometric functions of the azimuth (a), and GL is a function of the angular distance (0) be
tween the estimation point with coordinates (colatitude, longitude)=(ƒÆ', ƒÉ') and the loading 
point (B, A). For example, the Green's function for radial displacement is expressed as
(2)
where Me and R are the mass and radius of the Earth, h" is the load Love number, and Pn is the 
Legendre function of degree n (Matsumoto et al., 2001).
  We used subroutine programs in Global Oceanic Tidal Correction version 2 (GOTIC2) and 
a high-resolution land-sea database (Matsumoto et al., 2001) to calculate the displacements.
2.2. Data used for load calculation
  We calculated the atmospheric loading (AL), the non-tidal ocean loading (NTOL), the con
tinental water loading (CWL), and the snow loading (SL) influences. The details of the data 
sets used for the calculations are as follows.
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2.2.1. Atmospheric loading influences
  We used the surface pressure data of NCEP/NCAR Reanalysis 1 (Kalnay et al., 1996) to es
timate the AL influences. The pressure values were given in 2.5ß x 2.5ß grids at every 6-hour 
interval. We calculated the influences from January 1, 1996 to July 31, 2004.
2.2.2. Non-tidal ocean loading influences
  We used Topex/Poseidon (T/P) altimetry data and ocean bottom pressure data of the 
Estimating the Circulation and Climate of the Ocean (ECCO) model. We use NTOL (T/P) to 
denote the NTOL calculated from T/P data and NTOL (ECCO) to denote the NTOL calculated 
from the ECCO model.
  The T/P altimetry data are the sea level data from the World Ocean Circulation Experi
ment Satellite Data version 3.0 (1.0ß x 1.0ß grid with 5-day resolution from 1997-2001). The sea 
level data include steric height changes caused by temperature and salinity (Gill and Niiler , 
1973). To remove the thermal steric influences, we used sea surface temperature (SST) data 
of 5-channel advanced high-resolution radiometers, and calculated the steric influences assum
ing a linear relationship (6 mm/•Ž) between SST and steric height (Sato et al. , 2001). Note that 
we can safely neglect the salinity influences of the steric height changes because these influ
ences are much smaller than the temperature influences.
  The ocean bottom pressure data from the ECCO model are available twice a day at 0 h and 
12 h UTC on a 1 ß x 1 ß grid (Marshall et al., 1997a, 1997b; Kohl et al ., 2002). The calculation was 
performed from January 1996 to December 1999.
2.2.3. Continental water loading influences
  The continental water loads were estimated using the soil moisture data of Fan and van 
den Dool (2004). The data were prepared by assuming a one-layer "bucket" model based on 
reanalysis values for rainfall and temperature. The values were given in a 0.5ß x 0.5ß grid with 
the interval of one month. We calculated the displacements for the period from January 1996 
to December 2004.
2.2.4. Snow loading influences
  We used the snow depth data of the Automated Meteorological Data Acquisition System 
(AMeDAS). We calculated the influences from December 1997 to December 2001. Heki (2004) 
pointed out that the AMeDAS snow depth data tended to be underestimated because snow 
depths are highly dependent on altitudes, while AMeDAS observation points are spatially 
sparse and mainly installed along valleys for logistic reasons. In addition, snow density in-
creases in spring due to compaction. Therefore, altitude correction and density correction are 
necessary before calculating the loading influences. For these corrections , we used 1.0ß x 1.0ß 
geometrical areas for convenient routine calculations, though Heki (2004) used the prefectures 
about district used by "altitude correction". In the other aspects of the corrections , we com
pletely followed Heki (2004).
2.3. Comparison of the atmospheric loading influences
  Although various loads were considered by several studies, only displacements due to
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Fig. 1 The rms of differences (mm) of vertical displacements due to the atmospheric loads calcu
lated by us (this study) and others (Petrov, SBL). a) This study vs. Petrov, and b) this study vs. 
SBL. The scales are shown under b). c) Petrov vs. SBL. The scale is shown underneath.
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Fig. 2 Annual changes of horizontal GPS site coordinates. Left: the original F2 solution (similar 
to Figure 1 of Hatanaka (2003b)). Right: the bug-fixed solution. The blue ellipses show the locus 
of the annual horizontal change at each station with respect to the Komatsu station. The red 
lines show the time of summer of the annual locus.
atmospheric loads are provided as time series data at IGS observation points (Petrov and Boy, 
2004; Gegout, 2004). Therefore, to evaluate our results, we compared them with those of the at
mospheric loads at the IGS points. Note that Gegout (2004) routinely provides the time series 
as a service of the Special Bureau for Loading (SBL) of the International Earth Rotation and 
Reference Systems Service (IERS).
  Figure 1 shows the root-mean-square (rms) differences of the time series of our results and 
those of Petrov and Boy (denoted as Petrov) and Gegout (denoted as SBL) at each observation 
point. In general, the rms differences are less than 0.2 mm in the horizontal components and 
less than 1.0 mm in the vertical component at most of the points. However, the rms differences 
in Europe, especially along the coast of the Baltic Sea, are rather large in both components . 
The main reason for the large differences is the resolution of the land-sea mask used for the cal
culations. While the resolution of the mask used by Gegout (2004) is not clear, Petrov and Boy 
(2004) used a 0.25•‹ X 0.25•‹ mask. We used a 5'•~5 ' (0.083•‹ x 0.083•‹) mask, and this difference 
might have resulted in the rms differences along the Baltic Sea coast. As pointed out by 
Kobayashi et al. (2004), the resolution of the land-sea mask is critical for coastal stations .
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3. Correction of GEONET site coordinates
3.1. Time series of GEONET site coordinates
  As the time series of GPS site coordinates, we used a routine solution of GEONET called the 
F2 solution, which was calculated using the Bernese software version 4.2 (Hatanaka et al., 
2003c). As previously mentioned, a software bug was found in the solid earth tide correction 
(Hugentobler, BSW mail #190, 2004). Because Tsukuba was fixed in the F2 solution, the error 
due to the bug is small near Tsukuba, but increases as the distance from Tsukuba increases. 
The maximum error is estimated to reach several millimeters at the farthest stations. Hata
naka (2004) showed a practical method to correct the errors, and we adopted his method to re
move the errors in the F2 solution.
  Munekane et al. (2004) pointed out that the time series of the coordinates at Tsukuba in
cluded the annual changes due to the groundwater variations of the surrounding areas. This 
means that the F2 solution calculated from the coordinates of Tsukuba as the reference in
cludes the reverse signal due to the groundwater variations. Therefore, we changed the refer
ence point from Tsukuba to Komatsu (ID: 950255) in this study. Strictly speaking, all the 
station coordinates should be re-analyzed using the Bernese software to eliminate the influ
ences of the reference station. According to Beutler et al. (1989), the fixed station bias of 10 m 
introduces a scale influence of 0.4 ppm, and the estimated errors for all the GEONET stations 
are 0.3 mm at the 1,000-km baselines (Tobita et al., 2003).
  After moving the reference point to Komatsu, we further removed the trend and steps due 
to earthquakes and volcanic activities from the original time series. Finally, we used the time 
series of 892 stations that have long observation periods. Although the data used are from the 
beginning until the end of December 31, 2004, the loads were corrected according to the period 
of each of the load time series.
  The annual changes of the horizontal coordinates (Komatsu fixed) before and after the 
bug in the Bernese software was fixed are shown in Figure 2. The whole network tended to 
expand in summer before the correction (Hatanaka, 2003b), but the tendency is hardly notice-
able in the bug-fixed solution. Similarly, the annual changes of the vertical components were 
smaller in the bug-fixed solution.
3.2. Correction of the loading influences
  Because we used the data sets of loading masses with time intervals from 12 hours to one 
month, we first interpolated all of the data sets to make them daily. Further, we applied a low 
pass filter to eliminate short period errors in both the loading influences and GPS time series. 
To determine the cut-off period of the low pass filter, we calculated the coherence between in-
dividual load time series and the time series of the GPS site coordinates (Figure 3). Strong 
correlations are commonly seen for periods from 200 to 400 days, as shown in Figure 3. The 
correlation values of the atmospheric loading influences are 0.8 to 0.9 for periods of around a 
year. On the other hand, very noisy features can be seen on timescales shorter than 100 days.
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Fig. 3 The coherence of each load time series and GPS vertical site coordinate time series, a) 
GPS vs. AL, b) GPS vs. NTOL(T/P), c) GPS vs. NTOL(ECCO), d) GPS vs. CWL, and e) GPS vs . 
SL. The horizontal axis shows the period (in days). The vertical axis shows the correlation co-
efficient of the period.
Thus, we adopted 100 days as the cut-off period of the low pass filter.
The corrected time series were calculated as follows:
Corrected GPS = GPS - (Load , + Load 2 + + Load„) . (3)
Actually, we calculated the following combinations of the loading influences:
case (1): AL+NTOL(T/P) + CWL +SL
case (2): AL+NTOL(ECCO) +CWL+SL
case (3): AL +NTOL (T/P) + CWL
case (4): AL +NTOL(ECCO) + CWL
case (5): AL only
case (6): NTOL (T/P) only
case (7): NTOL(ECCO) only
case (8): CWL only
case (9): SL only.
  Cases (1) to (4) are intended to determine the combinations that can eliminate the load in
fluences as much as possible. In these combinations, two ocean loads with and without SL are 
compared. Cases (5) to (9) are intended to estimate each of the loading influences. In general, 
some combinations of the data sets can more effectively eliminate the load influences as 
Takiguchi et al. (2006) suggested for precise Satellite Laser Ranging (SLR) data analyses.
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3.3. Results
  The results of the loading corrections are shown in Table 1 and Figure 4. To assess how 
well one can reduce periodic components by the corrections, we estimated the annual ampli
tudes and phases before and after the corrections using the least-squares method. The reduc
tion rates of the annual amplitudes are shown in Table 1. Figure 4 shows an example of the 
time series of the displacements at station 950102 before and after the load corrections of cases 
(1) to (4). The phases are almost in harmony, although the amplitudes of the load contribu
tion time series are smaller than those of the GPS time series.
  The annual amplitudes decreased for all the cases except the vertical component of case 
(9), as shown in Table 1. The results show that the decrease percentages were about 15 to 30% 
in cases (1) to (4) except the vertical component of case (2). This means that the contribution 
of load influences such as the atmospheric, non-tidal ocean, and continental water loads in the 
periodic source of the GPS time series was about 20%. The results of cases (5)-(9) show that 
the influence of the non-tidal ocean load is larger than the others, especially in the horizontal 
components. This is not surprising considering that Japan is surrounded by oceans. NTOL 
(T/P) generally gave better results than NTOL(ECCO). The same results were obtained in a 
precise SLR analysis of an island area (Takiguchi et al., 2006).
  According to the comparison between cases (1) to (4) and (5) to (9), the decrease percent
age was not additive, even if using plural loads, especially in case (2) for the vertical compo
nent. This might mean that the loads interact complexly. For example, common factors 
might be included in the source data, such as atmospheric pressure and sea level data.
3.4. Application to a slow slip event
  We next checked whether the loading correction improved the accuracy of the GPS data 
processing for studying transient crustal deformations. For this purpose, we applied the load-
ing corrections to a data set that included the 1997 slow slip event of the Bungo Channel region 
(Hirose et al., 1999, Ozawa et al., 2001). Following Hirose et al. (1999), we fixed Maebaru (ID: 
950450) in the GPS analysis. For the comparison with the time series after loading correction, 
we prepared another time series empirically corrected for the secular trend, steps, and periodic 
changes using least-squares fittings. This time series was estimated as follows: 1) we esti
mated the parameters of the secular trend and the periodic changes only using the data after 
the event, and 2) using the parameters, we removed the periodic changes from the whole period 
of the data. We compared the obtained time series with the one corrected for the loading influ
ences of case (4). The time series, which show good agreement, are compared in Figure 5. The 
rms differences between the two time series are summarized in Table 2. The differences are 
around 0.4 mm. This indicates that the correction of the loading influences worked well to 
eliminate the seasonal signals.
  Hirose et al. (1999) and Ozawa et al. (2001) estimated the slip distribution on rectangular 
faults by using the inversion method of Yabuki and Matsu'ura (1992). In this case, using the 
time series corrected for load influences did not change the results very much because the rms
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Table 1. The decrease percentage of annual amplitudes of the time series before and after 
the load correction. The mean value of each component in cases (1) to (9) is shown .
Fig. 4 GPS site coordinate time series before (black asterisks) and after (black dots) the load 
corrections at station 950102. The four panels correspond to cases (1) to (4) in the text . The red 
curves represent the time series of the total displacements caused by the loads .
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Fig. 5 Horizontal displacement time series at Ooitasaiki (940090) and Mishou (950437) from 
April 1996 to December 1999, with respect to Maebaru (950450). The black asterisks show the 
time series after the removal of periodic changes by using the least-squares method. The black 
dots show those after we removed periodic changes using the case (4) load correction.
152 Hiroshi Takiguchi and Yoichi Fukuda
Table 2. The rms of the differences of the coordinates between the two 
time series, one after the removal of periodic changes using the least-
squares method, and the other after the load correction of the present 
study. In the first and third columns, the station IDs and the station 
names are listed. In the second column, the rms (mm) of the difference 
between the NS and EW components are listed.
differences were less than 1 mm. However, it is meaningful that the two conceptually very dif
ferent (i.e. mathematical and physical) methods gave similar results . The benefit of the load 
correction might be well demonstrated if event profiles underwent , for example, unexpected 
periodic variation due to repeated slow slip events. In the future, the onset of the slow slip 
event and the slip rate would be determined more precisely by improving the time resolution 
of the changing loads.
4. Conclusion
  We calculated the time series of the displacements of GEONET stations due to globally dis
tributed surface loads, and found that an appropriate combination of the load-induced displace
ments accounted for the annual movements of GPS sites by up to 20% . The load correction 
using multiple loads was more effective than that with single loads , but the effect was not ad
ditive because the loads interact intricately. We also found that such loading correction can 
be applied for analyses of slow slip events . Periodic signals can be eliminated a posteriori, but 
this may inadvertently eliminate true signals. Our method based on a-priori knowledge is 
therefore meaningful. The loading correction could become more precise by improving the 
resolution and accuracy of the loading masses . This would be realized by satellite gravity data 
in the future.
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